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Insulin down-regulates resistin mRNA through the synthesis
of protein(s) that could accelerate the degradation
of resistin mRNA in 3T3-L1 adipocytes
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Abstract

Aims/hypothesis. Resistin is a peptide secreted by adi-
pocytes and recognized as a hormone that could link
obesity to insulin resistance. This study was designed
to examine the effect and mechanism(s) of insulin on
resistin expression in 3T3-L1 adipocytes.

Methods. Differentiated 3T3-L1 adipocytes were stim-
ulated with insulin and resistin mRNA expression was
examined by Northern blot analysis. In some experi-
ments, the insulin signal was blocked by several
chemical inhibitors or overexpression of a dominant
negative form (Ap85) of the p85 subunit of phosphati-
dylinositol 3-kinase (PI 3-kinase).

Results. Insulin treatment caused a reduction of resistin
mRNA in time-dependent and dose-dependent manners
in 3T3-L1 adipocytes. Pre-treatment with PD98059, an
inhibitor of extracellular signal-regulated kinase 1/2
(ERK1/2) pathway, or SB203580, an inhibitor of p38
mitogen-activated protein-kinase (p38 MAP-kinase)
pathway, did not influence insulin-induced reduction of

resistin mRNA. Inhibition of PI 3-kinase by LY294002
or Ap85 also failed to block insulin-induced reduction
of resistin mRNA. Cycloheximide, a protein synthesis
inhibitor, completely blocked insulin-induced reduction
of resistin mRNA. Actinomycin D, a RNA synthesis in-
hibitor, also blocked insulin-induced reduction of resis-
tin mRNA, and the decreasing rate of resistin mRNA in
cells treated with insulin alone was faster than that with
actinomycin D.

Conclusion/interpretation. Insulin downregulates resis-
tin mRNA via PI 3-kinase, ERK or p38 MAP-kinase
independent pathways in 3T3-L1 adipocytes. The
downregulation mechanism of resistin mRNA by insu-
lin would be an indirect event through the synthesis of
novel protein(s) that could accelerate the degradation
of resistin mRNA. [Diabetologia (2003) 46:231-240]
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Type 2 diabetes mellitus is a polygenic disorder in
which insulin resistance in peripheral tissues and the
failure of insulin secretion from pancreatic beta cells
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are two major aetiologic factors [1]. Insulin resistance
is often associated with obesity, however, the mecha-
nism by which obesity results in the impairment of in-
sulin sensitivity is not completely understood [2]. It is
known that increase of serum free fatty acids (FFA),
lipids produced from adipose tissue, could worsen in-
sulin sensitivity by impairing insulin-signalling mole-
cules [2]. It has been shown that the adipose tissue se-
cretes several hormones and cytokines, and that some
of these factors, such as tumour necrosis factor-o
(TNF-0), leptin and adiponectin, influence insulin re-
sistance both in vivo and in vitro [3, 4, 5].

Resistin, also known as an adipose tissue-specific
secretory factor (ADSF), is a novel cysteine-rich pro-
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tein secreted from differentiated 3T3-L1 adipocytes
and white adipose tissue [6, 7]. Previous studies have
shown that administration of resistin protein in mice
worsens insulin sensitivity, whereas treatment with
anti-resistin antibody partially restores insulin sensi-
tivity in obese mice, suggesting that resistin is a po-
tential factor that mediates insulin resistance [6]. It
has been reported that serum resistin concentrations
are increased in mice with diet-induced obesity as
well as in genetic models of obesity, ob/ob and db/db
mice [6]. In contrast, another study [8] has recently
reported the opposite result, i.e., resistin mRNA is
decreased in obese animals including the ob/ob,
db/db, tub/tub, and KKAy mice compared with the
respective lean counterparts.

In man, clinical studies have shown that resistin
mRNA expression in adipose tissues are increased in
obese humans [9] and that SNPs in the resistin gene
promoter are associated with obesity [10]. However,
there are controversial reports that show the lack of
correlation between obesity and resistin expression in
adipocytes [9, 11, 12], and therefore it is not clear
whether resistin affects insulin resistance in humans.

Little is known about the control of resistin gene ex-
pression except in those reports that show inhibition of
resistin gene expression by isoproterenol, a 3-adrener-
gic receptor agonist [13] and TNF-o in 3T3-L1 adipo-
cytes [14]. It is well known that insulin is an important
regulator of the expression of genes involved in metab-
olism like those of phosphoenolpyruvate carboxyki-
nase (PEPCK) and fatty acid synthase [15]. Another
study. [16] has shown that insulin could reduce the res-
istin mRNA expression in 3T3-L1 adipocytes. This is
surprising since serum resistin concentrations in mice
decrease after 48-h fasting, and reverse to normal con-
centrations after feeding, with a parallel change in the
expression of resistin mRNA in adipose tissues [6] and
insulin treatment of diabetic animals causes an in-
crease in resistin expression [7]. In this study, we used
differentiated and undifferentiated 3T3-L1 cells, and
investigated the impact of insulin on the regulation of
resistin mRNA expression and potential insulin signal-
ling pathways that are involved in this control process.

Materials and methods

Cell culture. 3T3-L1 fibroblasts were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% calf serum
(Invitrogen, Carlsbad, Calif., USA) and 25 mmol/I glucose in an
atmosphere of 10% CO, at 37°C. 3T3-L1 fibroblasts differenti-
ated into adipocytes after reaching confluence by the addition of
differentiation medium [DMEM containing 10% foetal bovine
serum (FBS), 25 mmol/I glucose, 0.5 mmol/l 3-isobutyl-1-meth-
ylxanthine, 5 pg/ml insulin and 0.4 ug/ml dexamethasone]. After
48 h, the culture medium was replaced with adipocyte growth
medium (DMEM containing 10% FBS, 25 mmol/l glucose and
5 yg/ml insulin) and maintained for another 48 h. The cells were
then cultured in DMEM supplemented with 10% FBS and
25 mmol/l glucose for another 4 to 12 days.

Northern blot analysis. For all experiments, differentiated adi-
pocytes at day 8 were serum deprived for 6 h in DMEM medi-
um containing 25 mmol/l glucose and 0.1% bovine serum al-
bumin (BSA) and then, unless noted otherwise, incubated with
or without insulin at a concentration of 100 nmol/l in DMEM
medium supplemented with 25 mmol/l glucose and 0.1% BSA
for the indicated time periods. In some cases, cells were prein-
cubated with 50 pmol/l of PD98059 (Calbiochem, San Diego,
Calif.,, USA), 10 pmol/l of SB203580 (Calbiochem) or
50 umol/1 LY294002 (Sigma, St. Louis, Mo., USA) for 30 min
and stimulated with insulin for 16 h with each inhibitor. Cells
were preincubated with 5 pg/ml of cycloheximide (Sigma) or
5 pg/ml of actinomycin D (Sigma) for 30 min and stimulated
with insulin for 16 h with each inhibitor. Total RNA was iso-
lated using TRIzol reagent (Invitrogen). Northern blot analysis
was carried out according to standard techniques in denaturing
formaldehyde-containing agarose gels. Total RNA (10 pg) was
subjected to electrophoresis on 1.0% agarose gels. Ethidium
bromide staining of the gels confirmed equal loading and in-
tegrity of the RNA. After transfer to Hybond-N+ (Amersham
Pharmacia Biotech, UK), blots were hybridised in ExpressHyb
Hybridization Solution (Clontech Laboratories, Palo Alto, Ca-
lif., USA) with [0-32P] dCTP-labelled probes corresponding to
mouse resistin cDNA (from up 138 to 421 [6]), mouse aP2
cDNA (from up 1 to 399 [17]) or mouse 36B4 cDNA (from up
336 to 628 [18]). After incubation for 2 h at 68°C, blots were
washed twice in 2xSSC buffer (300 mmol/l NaCl and
30 mmol/l sodium citrate) with 0.05% SDS for 10 min each at
room temperature and for 10 min in 0.1xSSC with 0.1% SDS
at 50°C. Membranes were then subjected to autoradiography.

Western blot analysis. Cells were pretreated with PD98059 or
LY294002 as described above in Northern Blot analysis. They
were then stimulated with or without 100 nmol/l insulin for
10 min with each inhibitor. Whole cell protein extracts were
prepared by using buffer A [30 mmol/l Tris (pH 7.4),
150 mmol/l NaCl, 10 mmol/l EDTA, 1 mmol/l Na;VO,,
20 mmol/l Na,P,0,, 50 mmol/l NaF, 1% NP-40, 1 mmol/l phe-
nylmethylsulfonyl fluoride (PMSF), 10 ug/ml of aprotinin, and
1 umol/l leupeptin] for 30 min at 4°C, and insoluble protein
was removed by centrifugation at 12,000 rpm in a microcentri-
fuge. Protein content was calculated by the method of
Bradford [19]. The extract was then resolved in SDS-polyacry-
lamide gels after boiling in Laemmli SDS sample buffer.
Approximately 50 pg of protein samples were separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose transfer membranes (Schleicher &
Schuell, Keene, N.H., USA). The blots were blocked with 3%
of BSA in TBS buffer [10 mmol/l Tris (pH 7.5) and
150 mmol/l NaCl] and then incubated with anti-ERK1/2 anti-
body (Santa Cruz Biotechnology, Santa Cruz, Calif., USA),
anti-phospho-ERK1/2 antibody (Cell Signalling, Beverly,
Mass., USA), anti-Akt antibody (Cell Signalling) or anti-pho-
spho-Akt antibody (Cell Signalling) in TBS containing 2%
BSA, followed by incubation with corresponding secondary
antibodies conjugated to horseradish peroxidase. The immuno-
reactive bands were visualized by enhanced chemilumines-
cence quantified by densitometric analysis.

Assay of p38 MAP-kinase activity. Cells were pretreated with
SB203580 for 30 min and stimulated with or without
100 nmol/l insulin for 10 min with SB203580. The activity of
p38 MAP-kinase was measured using p38 MAP Kinase Assay
Kit (Cell Signalling). Briefly, the cells were washed once with
ice-cold phosphate-buffered saline and lysed in lysis buffer
[20 mmol/l Tris (pH 7.4), 150 mmol/l NaCl, 1 mmol/l EDTA,
1 mmol/l EGTA, 1% Triton, 2.5 mmol/l sodium pyrophos-
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phate, 1 mmol/l B-glycerolphosphate, 1 mmol/l Na;VO,,
1 pg/ml leupeptin]. The lysate was sonicated and centrifuged,
and the supernatant was incubated with a re-suspended immo-
bilised phospho-p38 MAP-kinase monoclonal antibody with
gentle rocking for 12 h at 4°C. The beads were washed twice
with 500 pl of lysis buffer and twice with 500 pl of kinase
buffer [25 mmol/l Tris (pH 7.5), 5 mmol/l B-glycerol-phos-
phate, 2 mmol/l DTT, 0.1 mmol/l Na;VO,, and 10 mmol/l
MgCl,]. The kinase reactions were carried out with 200 pmol/l
ATP and 2 pg of ATF-2 at 30°C for 30 min. ATF-2 phosphory-
lation was selectively measured by Western blots using a
chemiluminescent detection system and specific antibodies
against phosphorylation of ATF-2 at Thr71.

Adenovirus-mediated gene transfer. Adenovirus vector encod-
ing Ap85 that lack the binding site for the 110-kDa catalytic
subunit of PI 3-kinase (AdexCAAp85) was kindly provided by
Dr. M. Kasuga (Kobe University, Kobe, Japan) [20]. Adenovi-
rus vector encoding LacZ gene (AdexCALacZ) was kindly pro-
vided by Dr. K. Ueki (Joslin Diabetes Center, Boston, Mass.,
USA). 3T3-L1 adipocytes were infected with AdexCALacZ or
AdexCAAp8S5 in DMEM containing 10% FBS and 25 mmol/l
glucose for 24 h. For Northern blot analysis, cells were serum
starved for 6 h and then stimulated with insulin at a concentra-
tion of 100 nmol/l for 16 h. For PI 3-kinase assay, cells were
serum starved for 6 h and then stimulated with insulin at a con-
centration of 100 nmol/l for 10 min.

PI 3-kinase assay. Cells were infected with AdexCALacZ or
AdexCAAPpSS and, after 24 h, cells were serum starved for 6 h
and stimulated with or without 100 nmol/I insulin for 10 min.
Whole cell protein extracts were prepared as described above
under Western blot analysis. Approximately 500 pg of protein
samples were subjected to immunoprecipitation for 12 h using
anti-phosphotyrosine antibody (Upstate, Lake Placid, N.Y.,
USA). Subsequently, protein A-Sepharose was added and fol-
lowed by incubation for another 90 min. Immune-complexed
PI 3-kinase activity was measured by phosphorylation of phos-
phatidylinositides (PI). Immune-complexes were incubated in
45 ul reaction buffer containing 10 umol/l ATP, 1.1 MBq of
[-32P] ATP and 10 g of PI at room temperature under constant
shaking. After 10 min, the reaction was stopped by the addition
of 250 ul of 1 N HCI and 80 ul of CHCly/methanol (2:1). The
samples were centrifuged, and the lower organic phase was re-
moved and applied to a silica gel TLC plate (Merck, Germany)
coated with 1% potassium oxalate. TLC plates were developed
in CHCIy/CH;OH/H,0/NH,OH (60:47:11.3:2), dried, and visu-
alized by autoradiography. The 32P-labelled PI was quantified
using NIH image analysis software.

Statistical analysis. Data are expressed as means + standard
error of the mean (SEM). Differences between two groups
were evaluated by unpaired Student’s ¢ test. A p value of less
than 0.05 was considered statistically significant.

Results

Firstly, we investigated resistin mRNA expression in
3T3-L1 cells during adipocyte differentiation. Resistin
mRNA expression in pre-adipocytes (differentiation at
days 0 and 2) was below the detection limit, but was de-
tected from day 4. Resistin mRNA expression reached a
maximum at day 8, but then decreased at day 12
(Fig. 1). aP2 mRNA, a marker of adipocyte differentia-

resistin

ane W - -

day 0 2 4 8 12

Fig. 1. Resistin mRNA expression in 3T3-L1 cells during adi-
pocyte differentiation. 3T3-L1 fibroblasts were differentiated
to adipocytes. Equal amount of total RNA (10 pg/lane) pre-
pared from cells at the indicated time point was subjected to
Northern blot analysis for resistin, aP2, and 36B4 mRNA (an
internal control)

tion, was weakly detected at day 2, reached a maximum
at day 8, and remained at that expression until day 12.

To examine the effect of insulin on resistin mRNA
expression in differentiated adipocytes, 3T3-L1 adipo-
cytes at 8 days after induction of differentiation were
incubated with 100 nmol/l insulin for various time
intervals (Fig. 2A,B). Insulin significantly decreased
resistin mMRNA expression at 8 h (p <0.05) and result-
ed in a further decrease to about 30% after 24 h, com-
pared with that in non-insulin-treated cells (p <0.01).
In contrast, the expression of aP2 mRNA was not al-
tered by insulin (Fig. 2A). The effect of insulin on
resistin mMRNA was dose-dependent with a significant
inhibition at concentrations as low as 10 nmol/l
(p<0.05), but reached a plateau at 100 nmol/I insulin
(Fig. 2C,D). At 100 nmol/l, insulin reduced resistin
mRNA to 33% of that in non-treated cells (p<0.05).

We tested whether the insulin-induced reduction of
resistin mRNA was modified by insulin-induced glu-
cose uptake. For this purpose, cells were cultured with
or without glucose (25 mmol/l) for 6 h and stimulated
with insulin for 16 h. Without insulin stimulation but
under a 25 mmol/l glucose condition, resistin mRNA
expression was four times higher than that under glu-
cose-free condition (Fig. 3A,B), indicating that extra-
cellular glucose is another stimulus for resistin mRNA
expression. However, insulin-induced decrease of res-
istin mRNA still occurred under glucose-free condi-
tions (Fig. 3A,B), suggesting that glucose uptake
through insulin stimulation is not essential for insulin-
induced decrease of resistin mRNA.

Analyses of insulin signalling pathways. We then ex-
amined the downstream signals that could be involved
in insulin-induced down-regulation of resistin mRNA.
It is well known that regulation of gene transcription
by insulin is mediated mainly via PI 3-kinase or
ERK1/2, a member of MAP-kinase family. Firstly,
we assessed the role of ERK1/2 in insulin-induced
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resistin
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36B4

288
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time (h)
insulin
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120

resistin mRNA (% of control)

20

2 4 8 12 16 24
time (h)

Fig. 2A-D. Effect of insulin treatment on resistin mRNA ex-
pression in 3T3-L1 adipocytes. (A) After 6-h serum starvation,
differentiated 3T3-L1 adipocytes (day 8) were incubated with
insulin (100 nmol/l) for indicated time intervals. Total RNA
was extracted from the cells and equal amount of RNA
(10 pg/lane) was subjected to Northern blot analysis of resistin,
aP2, and 36B4 mRNAs. (B) Quantification of the results.
Resistin mRNA was corrected with 36B4 mRNA. Data, ex-
pressed as percent of resistin mRNA without insulin treatment
(control), are expressed as the means + SEM of three indepen-
dent experiments. *p <0.05 vs. control. *¥p <0.01 vs. control.
(C) Serum-starved 3T3-L1 adipocytes were incubated with in-
sulin at indicated concentrations for 16 h. Total RNA samples
(10 pg/lane) were examined by Northern blot analysis for res-
istin and 36B4 mRNA. (D) Quantification of the results. Resis-
tin mRNA was corrected with 36B4 mRNA and expressed as
mentioned above

0 05 1

Fig. 3A, B. Expression of resistin mRNA in cells cultured
with glucose-free medium. (A) 3T3-L1 adipocytes were se-
rum-starved for 6 h in DMEM medium containing 0.1% BSA
with or without 25 mmol/l glucose and were stimulated with or
without insulin for 16 h. Resistin mRNA was examined by
Northern blot analysis. Equal load of the total RNA was con-
firmed by 28S/18S ribosomal RNA. (B) Resistin mRNA was
expressed as a percent of resistin mRNA in cells cultured in
25 mmol/l glucose without insulin stimulation (control). Data
are shown as the mean + SEM of three independent experi-
ments. *p <0.05 vs. control. fp <0.05 0 mmol/l glucose with-
out insulin vs. 0 mmol/l glucose with insulin
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Fig. 4A, B. Effects of PD98059 and SB203580 on insulin-
induced decrease of resistin mRNA. (A, C) 3T3-L1 adipocytes
were pretreated with or without PD98059 (A) or SB203580 (C)
for 30 min and stimulated with insulin for 16 h. Resistin mRNA
expression was examined by Northern blot analysis. Resistin
mRNA was corrected with 36B4 mRNA. Data, expressed as
percent of resistin mRNA in cells not treated with insulin or the
inhibitor (control), are expressed as the means = SEM of three
independent experiments. *p<0.05 vs. control. 7p<0.05 vs. each
treatment. n.s.: no significant change. (B) 3T3-L1 adipocytes
were pretreated with or without PD98059 for 30 min and stimu-
lated with insulin for 10 min. Total cell lysates were subjected
to Western blot analysis using anti-phospho-ERK1/2 antibody
or anti-ERK1/2 antibody. (D) 3T3-L1 adipocytes were pretreat-
ed with or without SB203580 for 30 min and stimulated with
insulin for 10 min. Cell lysates were subjected to p38 MAP-
kinase activity assay. Data, expressed as percent of p38 MAP-
kinase activity in cells not treated with insulin or SB203580
(control), are expressed as the means + SEM of three indepen-
dent experiments

reduction of resistin mRNA by pre-treatment of the
cells with PD98059, a chemical inhibitor of ERK1/2.
3T3-L1 adipocytes were pretreated with PD98059
(50 pmol/l) for 30 min, and then incubated with or
without insulin (100 nmol/l) for 16 h with PD98059.
PD98059 did not influence insulin-induced reduction
of resistin mRNA (Fig. 4A), although ERK1/2 phos-
phorylation by insulin could be blocked by 50 umol/l
PD98059 (Fig. 4B).
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It is also known that p38 MAP-kinase is phosphor-
ylated and activated by insulin in 3T3-L1 adipocytes.
To assess whether the p38 MAP-kinase pathway is in-
volved in insulin-induced reduction of resistin mRNA,
3T3-L1 adipocytes were pretreated with 10 pmol/l
SB203580, an inhibitor of p38 MAP-kinase pathway,
for 30 min and then incubated with or without
100 nmol/l insulin for 16 h with SB203580.
SB203580 did not block insulin-induced reduction in
resistin mRNA (Fig. 4C), although increased p38
MAP-kinase activity by insulin was blocked with
10 umol/l of SB203580 (Fig. 4D).

Next, 3T3-L1 adipocytes were preincubated with
LY294002, an inhibitor of PI 3-kinase, for 30 min and
incubated with or without 100 nmol/l insulin for 16 h
with LY294002. LY294002 caused no change in basal
resistin mRNA expression in cells unstimulated by
insulin. Resistin mRNA expression in cells treated
with insulin and LY294002 were about 50% lower
(p<0.05) than those of the cells treated with insulin
alone (Fig. 5SA). To confirm the effect of LY294002, we
measured the insulin-induced serine phosphorylation of
Akt (also known as PKB), which is considered to be a
downstream signal of PI 3-kinase pathway. Insulin-
induced serine phosphorylation of Akt was blocked by
50 umol/l LY294002 (Fig. 5B), suggesting that the PI
3-kinase activity was blocked by the inhibitor.

To investigate the effect of PI 3-kinase pathway in
detail, 3T3-L1 adipocytes were overexpressed with a
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Fig. 5SA-D. Effects of PI 3-kinase inhibition on insulin-
induced decrease of resistin mRNA. (A) 3T3-L1 adipocytes
were pretreated with or without LY294002 for 30 min and
stimulated with insulin for 16 h. Resistin mRNA was exam-
ined by Northern blot analysis. Resistin mRNA was corrected
with 36B4 mRNA. Data, expressed as percent of resistin
mRNA in cells not treated with insulin or LY294002 (control),
are shown as the means + SEM of three independent experi-
ments. *p<0.05 vs. control. Tp<0.05 vs. LY294002-treated.
#p<0.05 treatment with insulin vs. co-treatment with insulin
and LY294002. (B) 3T3-L1 adipocytes were pretreated with
or without LY294002 for 30 min and stimulated with insulin
for 10 min. Total cell lysates were subjected to Western blot
analysis with anti-phospho Akt antibody or anti-Akt antibody.
(C, D) 3T3-L1 adipocytes were infected with AdexCALacZ or
AdexCAApSS. Resistin mRNA was examined by Northern blot
analysis. Resistin mRNA was corrected with 36B4 mRNA.
Data, expressed as percent of resistin mRNA in AdexCALacZ-
infected cells without insulin (control), are shown as the means
+ SEM of three independent experiments. *p<0.05 vs. control.
p<0.05 vs. AdexCAAp85-infected. n.s.: no significant change.
(C). PI 3-kinase assay was carried out. Data, expressed as per-
cent of 32P-labelled PI in AdexCALacZ-infected cells with in-
sulin (control), are shown as the means + SEM of three inde-
pendent experiments
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dominant negative form of PI 3-kinase (Ap85). Al-
though the insulin-induced PI 3-kinase activity was
notably reduced (20% of control cells) in the cells
overexpressed with Ap85, there was no difference in
resistin mRNA expression between cells expressing
LacZ and Ap85 after insulin treatment (Fig. 5C,D).

The above results indicate that insulin-induced
down-regulation of resistin mRNA is mediated via the
ERK1/2, p38 MAP-kinase or PI 3-kinase independent
pathways.

To investigate whether insulin-induced down-regu-
lation of resistin mRNA expression was mediated via
synthesis of other protein(s), 3T3-L1 adipocytes were
pretreated with cycloheximide, a protein synthesis
inhibitor, for 30 min and stimulated with or without
insulin for 16 h with cycloheximide. Treatment with
cycloheximide alone did not cause any change in bas-
al resistin mRNA level (Fig. 6A,B). Importantly, the
decrease of resistin mRNA by insulin was completely
blocked by co-treatment with cycloheximide, suggest-
ing the effect of insulin on resistin mRNA requires the
synthesis of new protein(s).
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Fig. 6A, B. Effect of cycloheximide (CHX) on insulin-in-
duced decrease of resistin mRNA. (A) 3T3-L1 adipocytes were
pretreated with or without CHX (5 pg/ml) and stimulated with
insulin for 16 h. Resistin mRNA was examined by Northern
blot analysis. Equal load of the total RNA was confirmed by
28S/18S ribosomal RNA. (B) Data, expressed as percent of
resistin mRNA in cells not treated with insulin or CHX (con-
trol), are expressed as the means + SEM of three independent
experiments. ¥p<0.05 vs. control. #p<0.05 treatment with insu-
lin vs. co-treatment with insulin and CHX

We then treated the cells with actinomycin D, a
RNA synthesis inhibitor, to examine the half-life of
resistin mRNA (Fig. 7A,B). The calculated half-life of
resistin mRNA was 12.7 h in 3T3-L1 adipocytes treat-
ed with actinomycin D (Fig. 7B, open circles). Inter-
estingly, the decreasing rate of resistin mRNA with in-
sulin was clearly faster than that of actinomycin D
alone (Fig. 7B, open triangles), indicating that insulin
accelerates the degradation of resistin mRNA. This
effect of insulin was completely blocked by the co-
treatment of cells with actinomycin D (Fig. 7B, open
squares), and the resistin mRNA expression in cells
with the co-treatment were comparable with those in
cells treated with actinomycin D alone at any time
points (Fig. 7A,B). This was probably because actino-
mycin D blocked the transcription of both the resistin
gene and other gene(s) that encoded the protein(s) re-
sponsible for the degradation of resistin mRNA. Con-
sidered together with the results of cycloheximide,
these findings suggested that insulin-induced decrease
of resistin mRNA is mediated by the synthesis of
mRNA of other gene(s) whose product could, at least
in part, accelerate resistin mRNA degradation (Fig. 8).
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Fig. 7A, B. Effect of actinomycin D (acti-D) on insulin-in-
duced decrease of resistin mRNA. (A) 3T3-L1 adipocytes were
pretreated with or without acti-D (5 pug/ml) and then stimulated
with insulin for 4, 8 and 16 h. Resistin mRNA was examined
by Northern blot analysis. Equal load of the total RNA was
confirmed by 28S/18S ribosomal RNA. (B) Resistin mRNA
was expressed as a percent of resistin mRNA in cells not treat-
ed with insulin or acti-D (control). (open circles; treatment with
acti-D, open triangles; treatment with insulin, open squares;
treatment with acti-D and insulin). Data are shown as the means
+ SEM of three independent experiments
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Fig. 8. Proposed mechanism of insulin-induced decrease of
resistin mRNA expression in 3T3-L1 adipocytes. Insulin stim-
ulates the gene expression of unknown protein(s). The pro-
tein(s) could accelerate the degradation of resistin mRNA. It
was not confirmed if the unknown protein(s) directly suppres-
ses the transcription of resistin gene
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Discussion

It is well known that insulin controls the expression of
a number of genes involved in the metabolism of glu-
cose or other nutrients [15]. Insulin is considered to be
a positive regulator of resistin expression, since resis-
tin expression decreases during fasting and increases
after re-feeding with parallel changes in serum resistin
concentration [6]. Indeed, administration of insulin in
diabetic animals causes a marked increase in resistin
mRNA [7]. In contrast, it has been reported that resis-
tin mRINA is decreased in genetically obese mice (e.g.
ob/ob mouse), which have supra-normal concentration
of plasma insulin [8, 21]. Moreover, recent report has
shown that insulin suppresses resistin mRNA expres-
sion in 3T3-L1 adipocytes [16]. To clarify the impact
of insulin on resistin expression, we examined in this
study the effects of insulin on resistin mRNA expres-
sion, and investigated the molecular mechanisms of
such effect in 3T3-L1 cells.

In agreement with the results of another study [16],
our results showed that insulin treatment reduced res-
istin mRNA expression in differentiated 3T3-L1 adi-
pocytes. The change in resistin mRNA expression was
significant for 8 h or longer treatment with insulin,
and was insulin dose-dependent.

We then investigated the signalling pathways
through which insulin could mediate the reduction of
resistin mRNA. It is well known that PI 3-kinase path-
way and MAP-kinase pathway are the two major sig-
nalling pathways activated by insulin [15]. To investi-
gate the role of these pathways in the regulation of
resistin mRNA expression, we separately used chemi-
cal inhibitors of each pathway. We found that neither
MAP-kinase inhibitors (PD98059 for ERKI1/2 and
SB203580 for p38 MAP-kinase), nor the PI 3-kinase
inhibitor prevented insulin-induced reduction of resis-
tin mRNA. Another PI 3-kinase inhibitor, a dominant
negative form of p85, also failed to block insulin-in-
duced reduction of resistin mRNA. It is unlikely that
the failure of prevention by these inhibitors is due to
insufficient inhibition of these pathways, since we
have confirmed the effects of these inhibitors in the
cells.

Several PI 3-kinase and MAP-kinase independent
pathways have been described in 3T3-L1 cells. The
proto-oncogene product of c-Cbl is prominently tyro-
sine phosphorylated in response to insulin in 3T3-L1
adipocytes [22, 23]. It has been reported that CAP
(c-Cbl-associating protein)-Cbl complex can modulate
insulin-stimulated glucose transport and glycogen
synthesis independent of PI 3-kinase or MAP-kinase
[24]. It also has been reported that the action of insu-
lin on gene expression involves both direct and indi-
rect effects mediated through changes in glucose me-
tabolism [25]. Therefore, we investigated whether
insulin could reduce resistin mRNA expression in
3T3-L1 adipocytes cultured in glucose-free medium.

Our results show that insulin-induced decrease of res-
istin mRNA occurred even in glucose-free medium,
suggesting that the effect of insulin is not mediated
through increased glucose metabolism.

In addition to the MAP-kinase and PI 3-kinase
pathways, the JAK-STAT (signal transducers and acti-
vators of transcription) and JNK (c-Jun N-terminal
protein kinase) pathways might be involved in the reg-
ulation of gene expression [26, 27, 28]. STAT 1, 3,
5 and 6 are reported to be expressed in 3T3-L1 adipo-
cytes, however, insulin does not induce the transloca-
tion of those STATs from the cytosol to nucleus in
3T3-L1 adipocytes [29], and JNK is not phosphorylat-
ed by insulin [30]. Therefore, JAK-STAT and JNK
pathways could not be related to insulin-induced de-
crease of resistin mRNA expression in 3T3-L1 adipo-
cytes. Further studies are necessary to identify the sig-
nalling pathway that links insulin to resistin mRNA
expression.

Cycloheximide, a protein synthesis inhibitor, com-
pletely blocked insulin-induced reduction of resistin
mRNA. This strongly suggests that the effects of insu-
lin are mediated through the synthesis of protein(s).
The fact that the decrease of resistin mRNA occurred
8 h after insulin stimulation also supports the results
that the effect of insulin is mediated though the syn-
thesis of novel protein(s), because the direct regula-
tion of gene transcription by insulin could occur with-
in a shorter time (within 1 h in PEPCK gene [31]).

It is generally accepted that the regulation of gene
expression by insulin occurs by controlling the tran-
scription of genes or by changing the stability of the
mRNA [15]. At the moment, the mechanism(s) by
which insulin alters mRNA stability is entirely un-
known. In this study, we have found that the resistin
mRNA expression with insulin alone were clearly
lower than those with actinomycin D alone. If insulin
simply suppresses the transcription of reisistin gene
and if it does not accelarate the degradation speed of
resistin mRNA, resistin mRNA expression in cells
treated with insulin alone should never be lower than
those with actinomycin D alone. Therefore, we as-
sume that insulin accelerates the degradation of resis-
tin mRNA. Importantly, the decreasing rate of resistin
mRNA in cells co-treated with insulin and actinomy-
cin D is comparable with that in cells treated with ac-
tinomycin D alone, again suggesting that the effect of
insulin is mediated via the synthesis of some other
mRNA (and protein). Considering the results of cyclo-
heximide and actinomycin D together, Fig. 8 provides
a schematic representation of the proposed mecha-
nisms of insulin-induced down-regulation of resistin
mRNA. Insulin stimulates the expression of mRNA of
unknown gene(s) via the ERK1/2, p38 MAP-kinase or
PI 3-kinase independent pathways. The product(s) of
the gene(s) could accelerate the degradation of resistin
mRNA. It is not confirmed if the unknown protein(s)
could suppress the transcription of resistin gene, since
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actinomycin D could also inhibit the synthesis of
mRNA (and protein) of the unknown gene(s).

Resistin is a small peptide composed of 114 amino
acids (murine) and is synthesized in adipose cells [6,
7, 32]. It has been shown that insulin down-regulated
resistin protein content in differentiated 3T3-L1 adi-
pocytes [33]. Our data and the previous studies sug-
gest that insulin could reduce resistin protein content
in 3T3-L1 adipocytes by suppressing the mRNA ex-
pression and the protein synthesis of resistin. It has
been shown that resistin was secreted from adipose
tissue and 3T3-L1 adipocytes after processing of the
N-terminal signal peptides, however, the impact of in-
sulin on these processes is unknown [6]. It has been
reported that insulin also down-regulates the expres-
sion of several proteins by accelerating their degrada-
tion [34]. Therefore, it is important to examine the
role of insulin on the secretion and the degradation of
resistin protein.

In conclusion, we have shown that insulin down-
regulated resistin mRNA via PI 3-kinase-, ERK- or
p38 MAP-kinase-independent pathway in 3T3-L1 adi-
pocytes. The decrease of resistin mRNA occurred
through the synthesis of protein(s), which could accel-
erate the resistin mRNA degradation. As resistin
might be a key molecule that links obesity to insulin
resistance, further studies on the regulation of resistin
expression should enhance our understanding of the
mechanism(s) involved in the development of insulin
resistance and may allow us to design new approaches
to the treatment of Type 2 diabetes.
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